Hypernatremic dehydration (mean plasma sodium, 184 mEq/ L) was produced over a 3-5 d period in 71 rabbits. The dehydrated animals were divided into groups and rehydrated by intravenous (4, 6, and 8 h duration) or oral (4 and 24 h duration) solutions in amounts calculated to return plasma Na to 140 mEq/ L. Plasma was obtained serially from each animal for electrolyte and osmolality determinations during dehydration and rehydration. Samples of brain hemisphere and cortex were obtained for chemical analysis from every animal immediately after death.
rabbits rehydrated orally when compared with rabbits rehydrated by the intravenous route. Brain water content was significantly greater in rabbits rehydrated intravenously when compared with normal rabbits and rabbits rehydrated orally. In addition, the amount of brain water was greater in rabbits with seizures when compared with those which did not have seizure manifestations. The mechanism underlying the significant reduction in seizures when the animals were rehydrated orally may relate to an integration of drinking behavior with rehydration status. Administration of oral fluids may provide an effective method of therapy for some patients with hypernatremic dehydration.
Abbreviation

D/W, dextrose in water
Hypernatremic animals and man may convulse after sufficient water has been administered intravenously to return plasma sodium concentrations to normal (10, 12, 22) . If hypernatremia is untreated or treated late in the course, a high incidence of morbidity and/or mortality occurs. Most studies of hypernatremia in the past have evaluated intravenous rehydration using various solutions and have shown that the incidence of seizures varies directly with the rate of intravenous rehydration (2, 4, (10) (11) (12) 22) . Oral therapy has been used successfully in rehydrating both children and adults who were dehydrated due to diarrheal disease (6-8, 16, 20) . Although most of these patients had isotonic dehydration, a few experienced hypernatremic dehydration and were successfully treated (8) . This study was undertaken to define the physiologic, biochemical, and clinical alterations which accompany various modes of intravenous and oral rehydration of hypernatremic rabbits.
MATERIALS AND METHODS
Production of hypernatremic dehydration. Hypernatremic dehydration was produced gradually over a 3-5-d period in New Zealand white male rabbits (weight, 2-3.5 kg) fed 1 M sodium chloride solution by nasogastric tube five times daily in amounts calculated to raise the serum sodium concentration over 3-5 d (10) . The volume required varied between 45-80 ml/d. Food in the form of rabbit pellets was available during the course of the study. Body weight, hematocrit, plasma Na, K, and osmolality were determined before dehydration, 48 h after saline feedings were begun, and daily thereafter. In addition, blood for calcium, magnesium, chloride, and blood urea nitrogen was obtained from 48 animals. Blood volumes were determined in nine animals by the isotope dilution technique using serum [13'I] albumin (23) (0.5 pCi in 0.5 ml).
The daily dose of saline used to produce hypernatremic dehydration was adjusted to achieve a plasma Na of greater than 175 mEq/L (mean, 184 mEq/L; range, 175-204). Immediately before rehydration, all initial blood studies were repeated.
Rehydration. The hypernatremic animals were divided into the following groups:
Group la, intravenous rehydration with 2.5% D/W over 4 h with a post-rehydration period of 4 h before sacrifice (10) . Group 16, intravenous rehydration with 2.5% D/W over 4 h followed immediately by sacrifice. Group 2, intravenous rehydration with 2.5% D/W over 6 h with a post-rehydration observation period of 4 h. Group 3, intravenous rehydration with 2.5% D/W over 8 h with a post-rehydration observation period of 4 h. Group 4a, ad libitum oral rehydration with water over 24 h. Group 4b, ad libitum oral rehydration with water over 4 h followed by sacrifice. Intravenous rehydration using 2.5% D/W in amounts calculated to return the plasma Na to 140 m&/L was maintained at a constant rate for 4,6, or 8 h. The amount infused varied between 85-1 10 ml/h. Blood samples were drawn from 27 animals at 2-h intervals. At the end of rehydration and before sacrifice, blood samples were obtained from all animals. If seizures occurred during the rehydration or subsequent observation period, the animal was observed for 20 min. Final blood samples were then taken, and the animal was weighed and sacrificed.
Samples of brain and muscle were obtained for chemical analysis from every animal immediately after death. Autopsies were performed on all rabbits at which time the volume and electrolyte concentration of peritoneal fluid and gastrointestinal contents were measured. In addition, wet weights of lungs, liver, and kidneys were obtained. Brains were examined grossly and histologically for evidence of hemorrhage.
In Group 4, rehydration was accomplished by allowing the animals free access to water. Water intake was carefully measured and tabulated every 5 min during the first 30 min of rehydration and every 15 min thereafter, for a period of 24 h in Group 4a and 4 h in Group 4b. During this time, the animals were observed constantly. Hematocrit, plasma Na, K, and osmolality were measured at 4, 8, 12 , and 24 h after beginning the rehydration period. In one animal with convulsions in Group 4a, these tests also were obtained at the time of the first seizure. There were no significant differences in hematocrit values among the rehydration groups. The changes in hematocrit values could not be explained by volume of blood removed or sequestration of blood in the spleen or other tissues.
Plasma electrolyte and osmolality concentrations. Table 1 contains plasma electrolyte and osmolality concentrations of the different groups of animals and the incidence and severity of seizure activity. Plasma Na and osmolal concentrations at maximal dehydration were significantly greater (P < 0.001) in all groups when compared to normal, end rehydration, and final values. Plasma Na values (Fig. 1) were not significantly different in groups l a and 4a, except at the end of rehydration in Group l a (4 h) when the plasma Na value was significantly less ( P < 0.025) than that in Group 4a. The plasma osmolality values (Fig. 2) were similar in Groups l a and 4a at all times, except 2 h into rehydration when it was significantly elevated (P < 0.01) in Group la. This increase in plasma osmolality cannot be ex- Oral rehydration. Animals allowed to rehydrate themselves by ad libitum oral intake over a 24-h period (Group 4a) had a significantly lower (P < 0.025) incidence of seizures than animals rehydrated intravenously. There was no significant difference among intravenously rehydrated groups of rabbits in the incidence of seizures; however, there was a trend towards fewer seizures with longer periods of rehydration. The pattern of oral water intake and its correlation with plasma sodium is outlined in Figure 3 . The average amount taken in each half-hour period is plotted from the beginning of rehydration to the end of the 24-h period. A large volume of water was consumed within the first 2 h (210 ml) after which the average rate of ingestion decreased. This resulted in an accelerated fall in plasma tonicity as compared with that of animals rehydrated intravenously (Fig.   2 ). Plasma sodium decreased from a mean of 18 1 + 4.3 mEq/l in the dehydrated state to 152 + 8.6 mEq/L within the first 2 h. Plasma K concentrations (Table 1) were comparable between the two groups.
One rabbit in Group 4a with an unusual drinking pattern developed seizures (Fig. 4) . The rabbit drank during 1 1 of the first 19 half-hour intervals, decreasing his plasma Na concentra- HOURS Fig. 4 . The drinking pattern of the single rabbit with seizures rehydrated ad libitum. During the initial 2 h he ingested 228 ml of water; however, he ingested an amount (221 ml) over the subsequent 8 h that was greater than in rabbits which did not have seizures.
tion to 145 mEq/L at 4 h. During the initial 2 h he ingested a tissue of all groups are recorded in Table 2 . The P values indicate volume of water similar to that ingested by rabbits which did not significance when compared with values obtained from normal develop seizures (228 ml versus 225 k 28 ml); however, he rabbits. There was a significant increase in cortex ( P < 0.02) and persisted in ingesting a relatively large amount of water (221 ml hemisphere (P < 0.001) water content in animals with seizures versus 153 k 30 ml) over the subsequent 8 h. The first seizure rehydrated over 4 h. No significant difference was noted in water occurred after 10 h into rehydration when the plasma Na was content in any other group when compared with normal except 136 mEq/L. At this point, the animal stopped drinking and did in rabbits with seizures in Group 2, who had a significantly not resume water intake until 8% h later. During this time he greater (P < 0.05) water content. in cortex. In all groups, the was alert and physically able to secure water. amount of water in cortex of animals that had seizures was Comparison of oral intake of water by each animal with the greater than in cortex of animals without seizures. calculated intravenous dose required to lower the plasma sodium Autopsy Jindings. The weights of lungs, liver, and kidneys to normal shows that only three of the animals failed to drink as obtained from animals in Group 1 b were similar to normal much water during the first 2 h as they would have been given control rabbits. Group 4b animals sacrificed after 4-h ad libitum intravenously during that period of time. Two animals a p rehydration also demonstrated no accumulation of fluid in the proached their calculated total rehydrating dose by 1 h and nine bowel or excess organ weights. None of the brains showed animals had exceeded their rehydrating dose (mean 164%, range evidence of hemorrhage upon gross inspection and no hemor-104-227%) at the end of 2 h, yet no seizure had occurred. The rhage was observed in 20 brains, which were examined histologone animal manifesting seizure activity came close to rehydrating ically. There was no significant change in the serum calcium or himself in 4 h but continued to drink a volume of water which magnesium concentrations in any animal studies. exceeded that ingested by rabbits that did not develop seizure activity. Intake during the 24-h period varied from 73.0-184.7% (mean 116%) of water calculated to return the plasma sodium DISCUSSION to normal. Only three animals did not complete their rehydration
The hypernatremic state cannot be corrected too quickly beaccording to our calculation of volume needed to correct hyper-cause of the possibility of inducing cerebral swelling (relative tonicity plus daily maintenance.
water intoxication) (10, 22) . This study was undertaken to evalBlood volumes. Blood volumes obtained before dehydration uate various methods of rehydrating hypernatremic rabbits. The in 9 rabbits averaged 5.7% of body weight. After dehydration electrolyte content of brain tissue from animals rehydrated either and 4 h of intravenous or oral rehydration, the mean blood intravenously or orally revealed no significant difference between volume in the same animals was 6.4% of body weight.
these groups in the levels of sodium. Potassium content was Brain tissue evaluation. Water and electrolyte contents in brain significantly elevated in the cortex of those animals without Water content is expressed in g/100 g dry weight. Na, K, and C1 are expressed as mEq/ 100 g dry weight.
t P < 0.05, $ P < 0.01, and 5 P < 0.001 (when compared with normal rabbits).
seizures. The water content of brain tissue was significantly greater in animals rehydrated intravenously. In each group, the water content of brain tissue was greater in animals that manifested seizure activity than in those which did not. Our data indicate that plasma electrolytes do not reflect the electrolyte and water content of the brain and that brain swelling and relative water intoxication can occur at a time when plasma electrolytes are approaching normal. The increased content of brain water correlates with the clinical signs, seizure activity, and electroencephalographic abnormalities of water intoxication (1 1). There was no significant difference among groups in the incidence of seizure activity during the intravenous rehydration of hypernatremic animals when evaluated by the rate of administration of the intravenous fluids. There was a trend towards fewer seizures with longer periods of rehydration. Animals allowed to rehydrate themselves orally tended to drink more in the first 2 h of rehydration than would have been given intravenously over the same period of time, yet the incidence of seizures was lower. The plasma Na levels of rabbits rehydrated orally were similar to those of animals in Group la at 2 and 4 h of rehydration (Fig. 3) , suggesting that ingested water had been absorbed rapidly. Furthermore, at autopsy, the animals allowed to drink ad libitum had a fluid content in the gastrointestinal tract equal to that of the intravenously rehydrated animals. The only rabbit rehydrated orally that developed seizure activity during rehydration consumed an amount of water during the 10 h of rehydration before his seizure in excess of that ingested by rabbits that did not develop seizures. The reasons for the excessive intake are unknown because the plasma electrolytes were normal after 4 h of rehydration.
The data on blood volume in rehydrated animals revealed that the volume of fluid infused did not lead to hypervolemia, but to restoration of a normal level. This correlates with the normal range of the weights of liver and lungs and the absence of edema in tissues. Autopsy examination of all animals with chronically induced hypernatremia revealed no evidence of subdural or subarachnoid hemorrhages. This was at variance with the finding of a high incidence of intracranial hemorrhage in humans (14) and in animals rendered hypernatremic by Luttrell et al. (1 5).
The mechanism by which animals can rehydrate themselves orally at the same rate, and in some instances with a larger volume of fluid without developing seizure activity, is unclear. Animals allowed to rehydrate themselves orally over a 24-h period had a significantly lower incidence of seizures than those rehydrated intravenously. The manner in which these animals drank and the correlation of the return of plasma sodium concentrations to normal levels is of interest in that an extraordinary volume was consumed within the first 2 h. After 3-4 h, the average rate of ingestion approximated that of normal rabbits (Fig. 3) . The plasma Na and K values were similar in the orally rehydrated and the intravenously rehydrated groups; however, the incidence of seizures was significantly higher in the animals rehydrated intravenously. At the end of 2 h into the rehydration period, with plasma Na concentrations identical in both groups, the plasma osmolality was significantly higher in animals rehydrated intravenously. Interest in the infused glucose and its possible role in the pathogenesis of the seizure activity is stimulated by the observation that plasma glucose levels were significantly higher (P < 0.01) at the end of rehydration and in the final samples from animals with seizures (1 1). Further work needs to be undertaken to define tne potential role of glucose in the production of seizure activity. Other investigators have postulated that fructose, sorbitol, inositol (18) , taurine, glutamate, aspartate, and urea (1, 3) may accumulate within neural tissue and act as osmotically active materials that may help to reduce seizure activity.
Tolerance to orally administered water is seen in other animal species. Camels who undergo a loss of water corresponding to 30% of their body weight can drink in 10 min enough water for complete hydration with no clinical manifestations of water intoxication (2 1). Electrolyte concentrations in serum were not monitored in these camels. Humans of all ages who are strong enough to drink will voluntarily ingest a volume of glucoseelectrolyte solution necessry for both rehydration and maintenance (8, 20) . In one series, mild to moderately dehydrated children voluntarily drank an average of 18 ml . kg-' . h-' (range, 3.4-45.8) over a 3-12-h rehydration period (8) . One of these children had hypernatremic dehydration and ingested over 152 ml/kg over 12 h with return of serum sodium values to near normal.
Studies of patients with cholera and non-cholera diarrhea and isotonic dehydration have established the efficacy of oral therapy (6, 8, 16, 17, 19, 20) . Clinical experience with oral therapy of children with hypernatremia is limited but has been successful (8) . We have demonstrated success with oral rehydration of rabbits with hypernatremic dehydration and feel clinical trials in children are warranted (9) . It should be emphasized that oral rehydration can only be undertaken in a child with stable vital signs. Presently, we are conducting studies to determine the rate and type of solution with regard to electrolyte (5) and carbohydrate (13) content that should be utilized for oral therapy of children with this condition. Answers to these questions will provide the clinician with a better means of treating children with this difficult electrolyte derangement.
